The structure of 40NaO0.520GaO1.540TiO2 glass has been investigated by X-ray radial distribution analysis. Nearly all the Ga3+ and Ti4+ ions are four coordinated, constructing highly cross-linked three-dimensional glass networks, and that the number of non-bridging oxygens is very small. The degree of medium-range ord er in this glass is much lower than in the Na2O2TiO2 glass studied in a previous paper, possibly due to the almost complete absence of TiO6 octahedra in the form er glass. The higher glass-forming ability of the Na2 OGa2O3-TiO2 ternary system compared with the Na2 OTiO2 binary system is ascribed mainly to the higher fraction of four-coordinated Ti4+ ions in the former sys tem. It is suggested that in oxide systems glass-form ing ability increases with increasing fraction of four coordinated Ti4+ ions.
2. Experimental 2.1 Sample preparation Glass of molar composition 40NaO0.520GaO1.5 40TiO2 was prepared by ordinary melt quenching method. A 10g glass batch consisting of reagent grade Na2CO3, Ga2O3 and TiO2 was melted in a plati num crucible in an electric furnace at 1550 for 30 min. The melt was poured onto a brass plate and quickly pressed by another plate. A clear glass about 0.5mm thick was obtained.
2.2 X-ray radial distribution analysis The X-ray scattering intensities were measured on fine glass powders prepared by pulverizing the thin glass sheets. A Rigaku Denki (Tokyo, Japan) model RINT 1200-S horizontal goniometer type X-ray diffractometer was employed. MoK (=0.709 radiation was used as X-ray source. A Kevex (Stam ford, CA) model P/N 7257-0000 Peltier cooled type Si (Li) solid state detector (SSD) was used as a pho ton detector.
The effect of Compton shift, =h(1-cos2)/ mc, cannot be neglected at higher scattering angle, since a part of inelastic Compton scattering is out of window set by a pair of ordinary Zr-Y balanced filters at higher scattering angle. On the contrary, the SSD used in the present measurements can dis tinguish between elastic and inelastic scattering in tensities, because energy window can be arbitrarily set. Especially, the SSD can be effective for the present glass consisting of relatively lighter ele ments such as oxygen, sodium, titanium and gallium, since the lower the atomic number, the larger the ra tio of inelastic intensity to elastic intensity, making the collection of net intensities difficult.
The intensities were measured from 4 to 140 in 2 , corresponding to 0.6 to 16.6-1 in S (=4sin/ ). The measurements were carried out by 400s fixed-time counting method with step scanning at in tervals of 0.5 in 2 and repeated until the accumula tive intensities exceeded 5105 counts at each point. The input power was set to 50kV-40mA.
The average intensities at each angle was taken as the scattered X-ray intensity.
The intensity curve was normalized after being corrected for air scattering and polarization. The ex perimental amplitude function Si (S) was calculated from the normalized intensity. Then the Si (S) was transformed into the radial distribution function, RDF.
Results
The density of the glass measured by Archimede an method was 3.49g cm-3. Figures 1 and 2 show the normalized X-ray intensi ty and the modified experimental amplitude function Si (S) curves, respectively. The oscillations in the curves continue up to 16.61. Figure 3 shows the RDF curve obtained by the Fourier transformation of Si (S), in which peaks are observed at 1.90 and 3.55. Figure 4 shows the differential RDF curve. Clear peaks appear at 1.88, 3.28 and 4.58 in the curve. The first peak overlaps with the large second peak. The first peak at 1.88 in the differential RDF curve can be interpreted as the nearly complete over lapping of the two peaks due to GaO4 and TiO4.7), 9)
The peak corresponding to six-coordinated Ga3+ and Ti4+ ions is located at more remote distance than 1.95.7), 8) However, this is not the case. The contribution of Na-O pair slightly elongates the peak position.
The heaviest Ga-Ga pairs make a greatest contri bution to the large second peak observed at about 3.3 in Fig. 4 . In fact, it has been reported that the peak at about 3.3 in the RDF curve of 30Cs2O 70Ga2O3 glass corresponds to Ga-Ga pairs.7) Con sidering that the Ga-O and Ti-O distances in oxygen tetrahedra are almost the same, the nearest Ti-Ti distance is assumed to equal the nearest Ga-Ga dis tance. Therefore, Ti-Ti pairs are also responsible for the peak. It should be mentioned here that in the case of Na2O2TiO2 glass, the second peak at about 3.2 overlaps with a clear shoulder at about 3.7, in dicating the coexistence of two kinds of structural units, TiO4 and TiO6.
The peak at 4.58 is much smaller than the cor responding peak at 4.68 in Na2O2TiO2 glass.8) This peak mainly reflects the M-O (M=Ti or Ga) next nearest pairs. The diminished peak in the present glass suggests that the MO4 tetrahedra are more randomly linked to each other and the distribu tion of M-O-M angles are widespread compared with Na2O2TiO2 glass. In addition, no clear peaks appear in the RDF curve in the region longer than 5 which reflects medium-range order. This result is different from that for Na2O2TiO2 glass in which the RDF curve shows a distinct peak at 5.48.8) The lack of medium-range order in 40NaO0.520GaO1 .5 40TiO2 glass in contrast with Na2O2TiO2 glass is at tributed to the almost complete absence of TiO6 octa hedra in the former glass. This is also the case for the comparison of K2O2TiO2 glass with Na2O 2TiO2 glass.8), 9) Na2O2TiO2 glass containing a fair concentration of TiO6 octahedra retains a higher medium-range order than K2O2TiO2 glass consist ing only of TiO4 tetrahedra.
The most remarkable difference in environments of Ga3+ and Ti4+ ions consists in a way of charge compensation of GaO4 and TiO4 tetrahedra. Even if all the oxygens in a GaO4 tetrahedron are bridging, excess negative charge is produced around the tetra hedron. This requires that at least one Na+ ion is lo ated near one GaO4 tetrahedron in order to compen sate the excess negative charge. In contrast, the charge balance of a TiO4 tetrahedron is retained if all the oxygens in the tetrahedron are bridging. It is only when a TiO4 tetrahedron has a non-bridging oxy gen that an Na+ ion is forced to be adjacent to it. It is assumed that a part of GaO4 tetrahedra contain non bridging oxygens in Na2O-Ga2O3-TiO2 glasses; the strong stretching vibration of GaO4 tetrahedra con taining non-bridging oxygens is observed in the Ra man spectra of the glasses.5) Also, Ti-O (non-bridg ing) vibration appears in the Raman spectra of alkali titanate glass.12) These indicate that non-bridging oxygens may be present in both GaO4 and TiO4 tetra hedra in the present glass. The total fraction of non bridging oxygen calculated from the glass composi tion is, however, as low as 7.7%, indicating that the present glass consists of highly cross-linked three dimensional glass network. A simple structural model proposed for the present 40NaO0.520GaO1.5 40TiO2 glass is shown in Fig. 6 .
If one assumes that GaO4 tetrahedra in the present glass should form clusters as in PbO-Ga2O3 and Bi2O3-Ga2O3 glasses,11) Na+ ions would be concen trated around the Ga-O network because at least one Na+ ion is located near one GaO4 tetrahedron as stat ed in the above. However, such aggregation of Na+ ions may be unfavorable for glass formation, since the ionic field strength for the Ga-O network by Na+ ions is assumed to increase. It is rather favorable for glass formation that GaO4 and TiO4 tetrahedra are linked more randomly as shown in Fig. 6 in order to disperse the Na+ ions. In this sense, similar coordina tion states of Ga3+ and Ti4+ ions, which will be dis cussed later, can be advantageous for random link age of GaO4 and TiO4 tetrahedra.
In the PbO-Bi2O3-Ga2O3 glasses, it was found that a large fraction of oxygens bonded to Ga3+ ions are three coordinated because of the serious shortage of oxygens for Ga3+ ions to form GaO4 tetrahedra.11)
On the other hand, in RO0.5-GaO1.5 (R=alkali metal) binary glasses three-coordinated oxygens are present at only the compositional region RO0.5/ GaO15<1.5.13) Taking into account the fact that NaO0 .5/GaO1.5 ratio is 2 in the present glass, the frac tion of three-coordinated oxygens should be low in the glass, if any. That is, in the present glass the three-coordinated oxygens are not needed, since sufficient number of oxygens for Ga3+ ions are present. 
Glass formation
It has been reported that in the binary alkali titanate systems the higher the fraction of four-coor dinated Ti4+ ions, the larger the glass-forming tendency.8), 12) That is, glass-forming ability in creases in the order Na2O-TiO2<K2O-TiO2<Cs2 OTiO2, which is parallel to the order of fraction of four-coordinated Ti4+ ions. This criterion can be ex tended to the ternary titanate systems. While the Na2O-TiO2 binary system does not form a glass by ordinary melt quenching with metal plate,8) the Na2O-Ga2O3-TiO2 ternary system forms a glass in the considerably wide composition region by that technique. As indicated in the Section 4.1, the frac tion of TiO6 octahedra in the present glass is very low, although small vibration peaks due to TiO6 octa hedra were found in the Raman spectra of alkali gal lotitanate glasses.5) Considering that the glass-form ing ability increases in the order Na2O-Ga2O3-TiO2 <K2O-Ga2O3-TiO2<Cs2O-Ga2O3-TiO2, nearly all the Ti4+ ions in K2O-Ga2O3-TiO2 and Cs2O-Ga2O3 -TiO2 glasses are expected to take also four coordina tion as in the present glass. Consequently, it can be said that in oxide systems the variation in glass-form ing tendency is parallel to fraction of four-coordinat ed Ti4+ ions.
In the R2O-Ga2O3-TiO2 (R=Na, K, Cs) ternary systems the glass-forming regions symmetrically spread around the central line corresponding to Ga/ Ti=1 in the triangular composition diagram.4) This fact suggests that both Ga3+ and Ti4+ ions equally contribute to glass formation, participating in the construction of glass network in these glasses. This may be ascribed to the similarity of local structure around Ga3+ and Ti4+ ions. That is, the Ga-O and Ti-O interatomic distances are the same at about 1.85 and the oxygen coordination numbers are nearly four for both ions. It is well understood that the short-range structures of both ions are similar, because both ions have a resemblance to each other in several physicochemical properties; valence (Ga: +3, Ti: +4), ionic radius (Ga: 0.47 Ti: 0.42 )14) and electronegativity (Ga: 1.5, Ti: 1.6).15) Kokubo et al. examined the glass-forming regions in the R2O-Ga2O3-Nb2O52) and R2O-Ga2O3-Ta2O5) systems. The glass-forming regions are apparently narrower in these systems than in the R2O-Ga2O3 -TiO2 system and spread to the Ga/(Nb, Ta)>1 com position. Nb5+ and Ta5+ ions are assumed to take six 5. Conclusion The structure of 40NaO0.520GaO1.540TiO2 glass was examined by X-ray radial distribution analysis and the structure and ease of glass formation were discussed by comparing with Na2O2TiO2 glass.
(1) The present glass can be prepared by ordina ry melt-quenching technique. X-ray radial distribu tion analysis shows that nearly all the Ga3+ and Ti4+ ions are four coordinated and the medium-range ord er is low in the present glass.
(2) The lower medium-range order in the present glass than in the Na2O2TiO2 glass is at tributed to the almost complete absence of TiO6 octa hedra in the former glass.
(3) The higher glass-forming ability of the Na2O-Ga2O3-TiO2 ternary system compared with the Na2O-TiO2 binary system is ascribed to the higher fraction of four-coordinated Ti4+ ions in the former system. (4) Glass-forming ability of the titanate systems increases as fraction of four-coordinated Ti4+ ions in creases; Na2O-TiO2<K2O-TiO2<Cs2O-TiO2 and Na2O-Ga2O3-TiO2<K2O-Ga2O3-TiO2<Cs2O-Ga2O3 -TiO2. It is suggested that in oxide systems the varia tion in glass-forming tendency is parallel to fraction of four-coordinated Ti4+ ions.
